According to the Fowler theory and numerous experiments the quantum efficiency for photoemission from conductors increases with temperature. Here we show that an opposite temperature dependence is also possible, when the photoemission is from quasi-metallic surface accumulation layers of n-type semiconductors. This is due to the temperature dependence of the Fermi level energy in semiconductors. The Fermi level energy increases with decreasing temperature; this leads to a decrease of the semiconductor work function and consequently an increase of the quantum efficiency photoemission at constant value of absorbed light quanta of energy. We have calculated this effect for electron accumulation layer in n-GaN, induced by adsorption of positively charged cesium or barium ions. It is found that at low temperatures near liquid nitrogen, the quantum efficiency for photoemission increases to near 55%, which is comparable to the largest values, reported for any known photo-cathodes. This phenomenon may prove useful for efficient photo-cathodes operating at low temperatures.
where T is the temperature, and B k is the Boltzmann's constant. According to Eqs (1) and (2) the photoemission intensity increases with temperature, and this dependence is known as the conventional Fowler regime. Shortly after the publication of the Fowler theory, an experimental work by DuBridge et al.
showed that the Fowler theory is not in complete quantitative agreement with experiment conducted for several metals [3] . The disagreement was observed for metals like molybdenum, niobium, zirconium and etc., in which the conductivi- The free electron model may be satisfied not only for bulk metal but also for positively charged surface electron accumulation layer (AL) found in semiconductors. Such AL is formed at the positively charged surfaces of n-type semiconductors, when the conduction band edge at the surface is more than ~3 B k T below the Fermi energy F E . The AL can be induced by various factors such as high density of intrinsic cleavage defects on the free surface or donor-type surface states as well as by adsorbed alkali or rare-earth atoms. In such cases, a triangular shape potential well with a typical thickness of tens of nanometers and energy depth of up to ~1eV is formed in InN [6] . Due to the absence of quantization parallel to the surface, the electrons in such a well constitute a quasi-two dimensional metallic-like degenerated electron gas. Therefore, the electron concentration within the AL can be larger than the bulk concentration (as for example in InN) by 2 or 3 orders of magnitude and reach concentrations up to 21 3 10 cm − , which is only around one order of magnitude lower the electrons concentration in metals [7] . In addition, it is known the photoemission intensity from quantum-well states in thin metallic films is considerably greater than the corresponding value of the bulk metal (see for example references [8] and [9] ).
Therefore, it is not surprising that the photoelectron emission from the states of thin AL can make a significant contribution to the whole photoemission process.
Surface ALs were reported mainly for n-type narrow band gap semiconduc- Figure 2 in Ref. [11] .
In this work we analyze in details the photoelectron emission in the presence of surface electron accumulation layers in n-GaN. It is found that in such cases the electron emission possesses an opposite temperature dependence, which is due to the strong temperature dependence of the Fermi level energy in semiconductors. This phenomenon may be useful for increasing the photo emission from photo-cathodes operating at low temperatures. [12] . The reported value of photoemission threshold from surface AL at room temperature, induced by cesium coverage with thickness of 0.5 ML is 1.4 eV, which corresponds to the infrared range with wavelength 885 nm AL th λ = . The theory for photoemission from 2D metallic-like AL in semiconductor was considered in [10] [11] within the framework of the Urbakh-Brodsky theory for photoemission from metal surfaces [13] .
Temperature Dependent Photoemission from Accumulation Layers in n-GaN
For calculating the photoemission we assume that the exciting light is S-polarized, where the square of matrix element S M of the optical transition is described by the following equation [12] :
Here Γ is a half-width of the energy distribution of bulk states located around the Fermi level. The Fermi energy F E is measured from the vacuum level. In this case 0 F E ω = − and therefore Equation (3) takes the form
From Eqs. (2) and (4) we extract the following expression for the spectral dependence of quantum efficiency photoemission from AL at 
The phenomenological constant C in Equation (5) can be obtained from photoemission measurements, if QE value is known for certain photon energy and temperature. However, the authors of Ref [10] [11] [12] do not report on the exact value of QE, but only report that the maximal QE of the Cs/n-GaN system is comparable and even exceeds the QE for highly-efficient source of electron GaAs photo-cathodes, which can reach 50% [14] . Therefore, we assume that the QE for the Cs/n-GaN system is also not less than 50% at room temperature for photon energy 3.1 eV (5) shows that in the conventional Fowler regime for a temperature range from 300 to 500 K the QE value increases by only on 0.7%. In this temperature range, the QE value remains almost constant and does not exceed 35%. The proposed Anti-Fowler mechanism described below may improve the solar energy conversion only at low temperatures, therefore not practical for PETE based devices.
The Fermi level of thin metallic-like surface AL equilibrates with the bulk semiconductor Fermi level above around 100 K, therefore has a significant temperature dependence. As we show below, this leads to a sharp change of the temperature dependent photoemission threshold energy 0 ω from surface AL, and affects significantly the QE photoemission dependence on temperature.
Room Temperature Threshold Energy of Photoemission for n-GaN
The threshold energy of photoemission is the difference between the energy of free electrons and the Fermi level. Therefore, the exact value of the Fermi and vacuum energy levels is a crucial parameter in the calculation of the threshold energy for photoemission. For a clean n-GaN (0001) surface the reported room temperature work function Φ and electron affinity χ are 3.9 and 3.35 eV respectively [10] . In this case the Fermi energy is ( ) ( ) 300 0.55 eV,
where C E is the energy of conduction band minimum. The value of E F is in agreement with reported results [17] [18] obtained at room temperature, where the Fermi level was pinned by point defects near the n-GaN surface. At room temperature the work function of n-GaN covered by 0.5ML of Cs decreases to
eV Φ =
. Consequently, the position of the vacuum energy level in this case becomes 0.85 eV.
The Photoemission Threshold Energy at Arbitrary Temperatures
The position of Fermi level 
Results and Discussions
Based on the above calculations we present a simple and clear explanation for the increase of the quantum efficiency of low temperature photoemission, in comparison with the conventional Fowler regime. It is based on the Fermi level energy increase with decreasing temperature, and as a consequence the reduction of the photoemission threshold energy.
Based on the above calculation of the Fermi level, the temperature dependence of the photoemission threshold energy is calculated using the following expression:
The function Figure 1(b) . According to Equation (7) the threshold energy decreases from ω = which is the maximum intensity of solar spectrum. Our model is valid only at temperatures above ~100 K, therefore all the calculations below this temperature are represented by dashed lines. creases the QE with decreasing temperature (see Figure 1(c) ). This behavior of photoemission at low temperatures we name the anti-Fowler regime. As 
Conclusions
We have shown the physical mechanism for the increase of quantum efficiency photoemission from n-type semiconductors by formation of surface electron accumulation layers. The results report on increase of the QE from 0.35 to 0.55 when n-GaN is cooled from room temperature to around 100 K, which is in contrast to conventional Fowler regime. These results may allow highly efficient photo-cathodes operated at low temperatures.
